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Abstract— This work discussesthe role that in-situ spec-
troscopy playsin remotesurfaceoperationsandhow effective
visualizationof spectracanbenefitplanning. We begin by
discussinghow spectroscopy wasusedin theMarsPathfinder
missionandfield trials with a prototype of the Mars Explo-
rationRover, paying closeattentionto shortcomingsin visu-
alizationthathamperscienceplanning. Next, we will intro-
ducetwo methodsfor improving visualization of spectrathat
will be usedduring the Mars Exploration Rover 2003mis-
sion: imagecubesanddatafusion. Imagecubesview a col-
lectionof spectraasa hyperspectral imageandallows spec-
tra to beenhancedusingimageprocessingalgorithms. Data
fusion placesspectraldatain the context of a conventional
imageby overlayingan imagecubeslice onto an imageof
the terrain. We demonstratethesetechniqueswith examples
of imagecubesanddatafusionusingdatafrom FIDO rover
field trials. Weconcludewith adiscussionof futuredirections
for thesevisualizationmethods.
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1. INTRODUCTION

It is arguablethat in-situ spectroscopy is themostimportant
scientific data that is returned from a planetaryrover mis-
sion. Analysesof the spectroscopy datareturned from the
Pathfinder missionrevealed a plethora of new information,
suchas the differing composition of rocks nearthe landing
sitefrom Martianmeteoritesfound onEarth.Now thesedata
arebeingcomparedto datafromorbiterssuchasMarsGlobal
Surveyor to locatethe most scientifically lucrative sitesfor
landingthenext planetary rover missions,the two MarsEx-
ploration Rovers (MER), to belaunchedin 2003. In thismis-
sion, two roverswill traversethe surfaceof Mars to search
for signsof pastor presentlife suchasaqueously-deposited
minerals.

Mission operationsduring Pathfinder allowed spectroscopy
analysisto bedoneby visualizingthedataassimpleplots,as
shown in Figure 1. Theseplotsareaconvenientvisualization
of a singleobservation,andwereappropriatefor the28 total
spectrathat were returned from the mission[1]. In future
rovermissions,mast-basedpointing spectrometerswill return
thousands of spectralobservations,and bettervisualization
�
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Figure 1. A spectrumchartof APXS dataof therock Yogi
from thePathfindermission.

modalities arerequired to support thedemanding daily cycle
of operations.Mast-mountedspectroscopy of targetsfarfrom
therover will needto bequickly analyzedto planlong rover
traversesover multiple daysduringthemissionto maximize
sciencereturnandachieve missiongoals.

In this work we will begin with a brief description of rover-
basedspectrometers. We will thenintroducetwo new spec-
troscopy visualizationtechniquesthatwill beusedduring fu-
turerover missions:imagecubesanddatafusion. Lastly, we
summarize thework andbriefly mentionfuturedirections in
datavisualizationfor operationsandplanning.

2. ROVER-BASED SPECTROMETERS

Like orbital spectrometers, spectroscopy instruments must
meetstringent footprint, mass,andpower restrictions. Re-
cent advancesin this areaof technology have producedan
impressivearrayof availableinstrumentationthatmeetsthese
requirementsandreturnssuperior datayield comparedto pre-
viousmissions.We will now describeseveralof theseinstru-
mentsin moredetail.

The Miniature Thermal EmissionSpectrometer(Mini-TES)
will be usedduring the 2003MER mission[2]. The Mini-
TESinstrument is aMichelsoninterferometerwith aspectral
resolutionof 10cm ��� overa rangeof 5 to 29 � m. Its field of
view is selectableaseither8 mrador 20 mradby a field stop
in the aperture that is activatedby a solenoid. A scanning
mirror assemblyvariesthe optical pathof the spectrometer,
allowing spectrato be sampledalong360� in azimuthand
between-50� and+30� in elevation. SincetheMini-TES is a
pointing spectrometerlocatedonthePancamMastAssembly
(PMA), it canbeusedto identify interestingsciencetargetsat



a distancefrom therover aswell aslocationsneartherover.
TypicalMini-TESusageduring themissionwill involvesam-
pling gridsof thousandsof spectraperday.

The MER instrument arm will carry two spectrometers:
the Alpha Particle X-Ray Spectrometer (APXS) and the
MössbauerSpectrometer[2]. Thesespectrometers will make
contactwith Martian soils androcks to make mineralogical
analyses. The APXS is capableof determining the abun-
dancesof almostall rock-forming elements.As its nameim-
plies, the APXS canbe dynamically configured to emit and
samplealphaparticlesand/orx-rays. Thex-raysensingmode
is sensitiveto relatively heavy elements likeAl, Si, K, Ca,Fe,
Na, P, S, Cl, Ti, Cr, andMn. Thealphamode is sensitive to
lighterelementssuchasC andO. ThisAPXS will havesimi-
lar capabilities to theonethatwasusedduring thePathfinder
missionto samplethecompositionof atmosphere, soils,and
rockssuchasBarnacleBill andYogi. Therehavebeenseveral
improvements to theinstrumentsincethePathfinder mission
[3]. Themostnoticeable differenceis thatthereis no Proton
emissionmodein thenew APXS.SincePathfinder, theX-ray
sensitivity andspectralresolution of theinstrument hasbeen
increasedto make theproton mode unnecessary. In addition,
referencetargets on therover will allow in-situ calibration of
the APXS during the mission. Extensive pre-flight calibra-
tion will be conductedto reduce sensitivity to electromag-
netic interference andMars ambientconditions. The other
arm-mountedspectrometer, the Mössbauer, is well-suitedto
identify ferrous mineralsthat aredifficult to detectwith the
APXS.It emitsgammaraysfrom its vibrating �	� Coradiation
sourceandclassifiesmineralsbasedon thevibrationvelocity
of thesource whencounting theraysthatarescatteredback
to theinstrument.

Someof theresultsin thisworkarebasedondatafromtheIn-
fraredPointSpectrometer(IPS)during theMER-FIDO2001
field test(FIDO is a prototypeAthena-classrover developed
at theJetPropulsion Laboratory). Themast-mountedIPS is
sensitive to aqueously-depositedmaterialssuchasclaysand
carbonatesas well as igneous minerals. It samplesthe in-
fraredspectrumfrom 1.3 to 2.5 microns at 8 nm resolution
andrevealsmineral content by sensingthereflectionandab-
sorptionof theinfraredenergy [4].

3. IMAGE CUBES

Imagecubesoffer a superiorvisualizationmodality to view-
ing individualspectrum plots.An imagecubeis ahyperspec-
tral imagethatis constructedfrom acollectionof spectrathat
aresampledin aregular grid in azimuthandelevation.Figure
2 shows the layoutof an imagecubeof datafrom theMini-
TESspectrometer. Thehorizontaldimensionis azimuth,the
vertical dimensionis elevation, and the depthdimension is
wavelength. An imageof aparticular wavelengthof radiance
(in azimuthandelevation) is formedby intersectinga plane
with thecubethat is normal to thewavelength axis. Images
in wavelength-elevation or wavelength-azimuthcanalso be
producedby takinganormalplaneof thecubeto theazimuth
or elevation planes,respectively. The dottedlines delineate
theedges of thecubeandthesolid line normal to theplaneis

theinteractivecursor.

By examining imagesin the cubeat wavelengths of inter-
est, it is possibleto identify oneinterestingspectrum out of
thousands in a few seconds.The imageplanein thecubeis
rendered in a 3D userinterfaceandcanbe quickly scrolled
through theavailablewavelengths. Whenan interestingim-
ageis found,theanalystselectsany pixel in theareaof inter-
estto produceaspectrumplot at thatazimuthandelevation.

Standardimageenhancementalgorithms like sharpening or
contrast stretchingcanbeusedto make a givenimageeasier
to interpret. Falsecolor imagesareproducedfrom images
at differentwavelengthsto allow colorcoding of information
for fasterdataanalysis.

4. DATA FUSION

A new and very powerful technique for visualizing spec-
troscopy datais overlaying imagesof spectroscopy dataonto
conventional imagesfrom a navigational camera,or datafu-
sion.The3D positionsof eachpixel in ahyperspectralimage
fromanimagecubearecomputedandprojected backthrough
thecameramodel of anavigationalcameraimageto createan
overlay of color-codedspectrumdataon a conventional im-
age.

Oneof theadvantagesof this mode of visualization is in sav-
ing time. During missionscienceplanning, a large part of
spectroscopy analysisinvolves verificationof the locationof
the target that was sampled. During the 2001 MER-FIDO
field test, the IPS pointing spectrometerwasusedto collect
spectroscopy dataon targetsof interestfar from therover to
plantraverses.Theproblemof verifying thelocationsof the
IPStargetswasdifficult becausenavigational cameraimages
that wereboresighted with the spectrometerwerenot avail-
ablein time to plannew roveractivities. As aresult,themost
current spectroscopy datacouldnot beusedto plan thenext
rover operation cycle during the test. Datafusionwill allow
existing imagesto be usedto validate the pointing of spec-
troscopy targets by visualizing the co-registration of these
data.

Algorithm

Datafusionisavisualizationof co-registeredimages.Forany
two images,theremustbeamapping from apixel locationin
oneimageontoa pixel in thesecondimage.We assumethat
for any imageto befusedontoasecondimagethereis arange
maporothersimilar3Dpositioninformationavailableateach
pixel of thefirst image. We alsorequire theavailability of a
cameramodel for thecamerathatcapturedthesecondimage.
Giventheseinputs,thegeneral algorithmfor datafusionis as
follows:

1. For image
 to befusedontoimage� :
(a) Defineanimage� thatis thesamesizeasimage� and

thesamenumberof bands asimage
 .
(b) For every pixel 
���� � in 
 (where ���	� indicate image

planecoordinates):



Figure 2. Orthographicview of an imagecubeof datafrom theMini-TES spectrometer. Theimageplaneshown hereis in
theazimuth-elevationorientation. Thedottedlinesdelineate thecubeedgesandthesolid line normalto theplaneis the
interactive cursor.

i. Transformthe3Dpoint ��� � ��� � correspondingtopixel 
 ��� �
to the coordinateframeof the camerathat captured � , the
transformedpoint to bedenoted ����� � � � � � � .
ii. Project � � ��� � �!� �"� through the camera model of image �

to theresultingimageplanecoordinates
#����� �$� .
iii. If pixel 
 ���!� �$� lies within the boundsof image � then

assignpixel 
%� � � � � in image � thevalueof 
&��� � in image
 .

If for any pixel in thefirst imagethereis no3D positionavail-
able (as in the caseof a sparserange map), then that pixel
will not beoverlaid. Thelarger a region of missing3D posi-
tion data,themorenoticeableof aholein theresultingimage
overlay will beobserved. Anotherimplicit assumptionatstep
1(b)(i) is thatthetwo imagesto befusedmustthemselvesbe
co-registered,i.e. thepositions andorientationsof their cam-
erasrelative to eachothermustbeknown. We show how this
is accomplishedusingCAHVOR cameramodels in thenext
section. If thepixelsof the two imageshave differentfields
of view this createsa scalingproblem for the visualization,

thatis whenonepixel of thefirst imagemapsto many pixels
of thesecond, or viceversa.Thiscanbehandled in anumber
of ways,suchasaveraging multiplepixelsthatmapto one,or
usinginterpolation to createa smoothimagewhenonepixel
mapsto many.

Camera ModelBack-projection

CAHVOR cameramodels [5] [6] were designedto make
transformationsfrom 3D points to 2D projections(and the
reverse) fastandsimple. Figure 3 shows a diagram of the
CAHVOR camera model. All of thevectors in themodel are
specifiedwith respectto theworld coordinatesystem(not a
camera-centric coordinate systemas in many othercamera
models).

'
� is avector pointing from theorigin of anexternal

coordinatesystemto the first principal point of the camera
lens. This representsthe positionof the camerarelative to
somemeaningful coordinatesystemin theworld, suchasthe
coordinateframe of a rover, or of a site on the terrain. ( is
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Figure 3. Illustrationof theCAHVORcameramodelasit relatesto theworld coordinateframe,opticalpath,andimageplane.

a line segment from thesecondprincipal point of the lensto
theimageplane,perpendicular to it.

') is avectorparallelto (
andpointinginto thescene.This represents thepointing ori-
entationof thecamerawith respectto theexternal coordinate
frame.

'*,+
and

'
� + arevectors that lie parallelto the horizon-

tal andvertical imagecoordinatesystemaxesandhave the
samemagnitudeas ( (assuming that themedium is thesame
on bothsidesof the lens). Thesevectorsarenot necessarily
perpendicular.

'- is a vectorparallel to the optical axis and
pointing into thescene,which is equivalentto

') if theoptical
axisis perpendicular to theimageplane[6].

Radiallensdistortionis alsoa partof theCAHVOR camera
model. This distortionis modeledby a polynomial defined
relative to theopticalaxis

'- (to make it radial).For aparticu-
lar 3D point 
/. , this polynomialis of theform

��.�02143�561 �
7 .8561:9 7 9. 5<;=;�; (1)

Where �&. is a proportionality coefficient, the 1 ’s arethe ra-
dial distortion coefficients,andthe 7 ’s areproportional to the
squareof > . , theperpendiculardistanceof 
 . from theoptical
axis[5]. Theeffect of distortionis writtenas


 +. 0?
@.85A��.B>,. (2)

Where
 +. is the apparent positionof the actualpoint 
 . . To
complete thecomputationof 
 +. from thecamera modelvec-
tors,we usethefollowing additional equations:

C .&0EDF
@./G?H=IKJ - (3)

>@.�0A
8./G?HLG C . - (4)

7 .�0 >,.�JM>@.
C 9. (5)

Themapping of a3D positionto its 2D projection(i,j) is then
writtenas

(K0 DN
 . GOH=IPJ *
DN
8./G?H=IPJ ) (6)

Q 0 DN
8./G?H=IKJ �
DN
8./G?H=IKJ ) (7)

Thevectors
'*

and
'� arethehorizontalandverticalvectors of

the cameramodel,derived during camera calibration. They
arerelatedto

'*@+
and

'
� + in that their projections onto the im-

ageplaneareequalto
'* +

and
'
� + , respectively. Thecomplete

CAHVOR cameramodelconsistsof thefive vectors� , ) ,
*
,

� , - , andtheradialdistortioncoefficients 1 3 , 1 � , and 1 9 .

5. RESULTS

To demonstrateimagecubesanddatafusion, we will visu-
alize IPS datawith Navcamimagery taken during the 2001
MER-FIDO field test. One particular observation that was
madewasa 3 by 3 grid of spectraof a rock denoted “sol1-
aaron” thatresultedfromthefirst dayof scienceplanningand
operations. Thesequenceexecutedon therover acquireda 3
by 3 grid of spectracenteredon the designatedtarget, and



Figure 4. IPSspectrumof targetsol1-aaronduring the2001
MER-FIDOfield test.

Figure 5. IPSfalsecolor imageof target sol1-aaron. Red,
green, andblue indicatethe average radianceover the
range1500-1800, 2000-2200, and2201-2400, respec-
tively.

Figure 6. Navcamimageof targetsol1-aaron with 3 by 3
IPSfalsecolorspectrum grid overlaid at 100% opacity.

takenwith 1 degreehorizontal andverticalspacingbetween
observations. An analysisof the spectrum in the centerof
the grid, shown in Figure 4, shows a ratio of raw radiance
to referenceradianceof closeto 1 in theranges R 1300-1400,
R 1800-1900, and R 2400-2500. We will therefore visualize
the datafrom regions of the spectrum that lie outsidethese
ranges. We chosefor our example the ranges 1500-1800,
2000-2200, and2201-2400, which we assignedto thecolors
red,green, andblue,respectively. TheIPSdatawasconverted
intoafalsecolorimageusinganimagecubethataveragedthe
radiance valuesover the threerangesandcomputed the im-
age,shown in Figure 5.

Thefalsecolorimageitself showsseveralinterestingfeatures.
For example, it is evident that thespectrumthatcorresponds
to thebottom-centerpixel wasin shadow, sincetherewasnot
enough illumination to producea substantialradiance value
in any of the threewavelengthranges. Further, the various
huesin theimageareindicativeof lesseror greatersensorre-
sponsein therangesthatareunder- or over-represented.For
example, the top-center pixel hasa purple hue,indicatinga
stronger responsein thefirst (red)andthird (blue) rangesof
wavelength that we choseto examine, while the center-left
pixel appears yellow, revealing a greaterresponsein thefirst
(red)andsecond(green)rangescomparedto thethird. These
verydifferentresponsesmaybeattributedto thefacttheyel-
low responselaysontherockandthepurpleresponselayson
thesoil behindit, at leastin part. This locationinformation
is apparentwhenweusedatafusionto overlay thefalsecolor
imageontotheNavcamimageof this target.

Figure 6 shows the overlay of the imagein 5 on a (left)
Navcamimageof target sol1-aaron. Here,we canseethat
someof thespectraweretargetedon therock, andsomelay
at leastpartially on the soil behindthe rock. Also, someof
the spectranearthe bottom were taken in shadow and are
lessusefulfor analysisthanthosein thecenterrow wherethe
illumination wasmore favorable.

The3D view shown in 7 showsadifferent viewpoint of so11-
aaronwith theIPSdataoverlaid asa texture mapon top of a
3D meshbuilt usingthestereorangedatafrom theNavcam
imagepair. Here, it is moreapparent that the top-left and
top-right spectraweretakenon thesoil behind therock. Un-
fortunately, thereis incompleterange datato show theentire
overlay of the top-center(purple) spectrum,but we canstill
seethatit laysat leastin parton thesoil behind therock.

6. SUMMARY

In futureMarsplanetaryrovermissions,pointing spectrome-
terswill returnvolumesof spectroscopy data.This valuable
sciencedatacanbequickly andeffectively visualizedasuse-
ful information by usingadvancedvisualizationtechniques
suchas imagecubesanddatafusion. Imagecubesprovide
superior visualizationover individual spectrumplotsby pre-
sentingspectraasimagesthat arereadily interpreted by hu-
mansandcanbeenhancedusingstandardimageprocessing
algorithms. Datafusion allows missionplanners to quickly
verify the pointing of spectrausingany co-registerednavi-



Figure 7. 3D view of theFIDO rover andtheNavcamdatafor target sol1-aaron.

gational imagery that is currently available. This will allow
themostcurrent spectroscopy datato directly influencerover
activity planning onevery dayof missionoperations.

The visualizationwork documentedherein will be imple-
mentedaspartof theScienceActivity Planning(SAP)soft-
wareto beusedduringthe2003 MarsExplorationRover mis-
sion.Somefuturedirections of this work will include thefu-
sionof imagesfrom multiple camerason board therover, as
well aswith orbital imagery of therover’s current site.
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